Two transmission curved crystal spectrometers are designed to measure the hard x-ray emission in the laser fusion experiment of Compton radiography of implosion target on ShenGuang-III laser facility in China. Cylindrically curved α-quartz (10-11) crystals with curvature radii of 150 and 300 mm are used to cover spectral ranges of 10-56 and 17-100 keV, respectively. The distance between the crystal and the x-ray source can be changed over a broad distance from 200 to 1500 mm. The optical design, including the integral reflectivity of the curved crystal, the sensitivity, and the spectral resolution of the spectrometers, is discussed. We also provide mechanic design details and experimental results using a Mo anode x-ray source. High-quality spectra were obtained. We confirmed that the spectral resolution can be improved by increasing the working distance, which is the distance between the recording medium and the Rowland circle.
Introduction
Hard x-ray emission with E > 10 keV plays an important role in laser-driven inertial confinement fusion. When the laser or laser-produced soft x-rays compress the deuterium and tritium (DT) capsule, energetic electrons generated during the laser-plasma interaction preheat the DT fuel and thus disturb a low-entropy implosion. By measuring the emitted hard x-rays, the number of the energetic electrons can be quantified and the preheat levels inferred [1, 2] . Core hard x-ray emission of implosion targets can provide a signature of the mixing [3] , symmetry [4, 5] , temperature, and density conditions of the fuel capsule [6, 7] near its peak compression. X-rays of imploding targets can also be an efficient hard x-ray source for high-energy radiography of dense or high-Z targets [8, 9] . For Compton radiography of implosion targets [10] , a hard x-ray backlighter source is generated by intense short pulses laser irradiation on a target, which is then transmitted through the implosion target to determine the area density and symmetry of the fuel capsule near peak compression. Precise diagnosis of the hard x-ray spectrum of the backlighter source, and the core radiation of the implosion target which induces the background, is crucial to obtain a sufficiently high signal over background for Compton radiography of implosion targets.
Solid-state detectors of single-photon counting CCDs (3-30 keV) [11] , dispersive x-ray detectors of transmission curved crystal spectrometers (10-120 keV) [12] , and nondispersive x-ray detectors with filters, such as Ross pairs spectrometers (18-90 keV) [13, 14] , filter stack spectrometers (12-700 keV) [15, 16] and filter-fluorescer spectrometers (20-220 keV) [17, 18] are the conventional approaches for hard x-ray spectra diagnostics. The dispersive x-ray detectors of transmission curved crystal spectrometers are superior, especially in the 10-120 keV range which is more applicable to laser fusion experiments, due to their high spectral resolution, broad energy coverage, and robustness in harsh environments. Transmission curved crystal spectrometers have been commissioned on almost all of the laser fusion facilities such as Omega [19] [20] [21] and NIF [22] . They were also utilized on many short pulse laser facilities [23, 24] and a fast Z-pinch facility [25] for experiments of x-ray source, atomic physics, medical radiography, etc.
Experiments of Compton radiography of implosion targets are planned at the ShenGuang-III (SG-III) laser facility (200 kJ/3 ns/351 nm/48 beams) in China, which has begun running recently, to obtain spatial profiles of the fuel capsule area density of fuel capsule near peak compression. Core hard x-ray emission of implosion targets, hard x-ray emission induced by energetic electrons on gold hohlraum and hard x-ray backlighter sources produced by short pulse PW laser beams are the three crucial components of the Compton radiography experiments. Prior to the actual Compton radiography experiment, we designed two transmission curved crystal spectrometers to detect the hard x-ray signal and record spectra in the 10-100 keV range. These spectrometers employed two cylindrically curved α-quartz (10-11) crystals with curvature radii of 150 and 300 mm to cover the 10-56 and 17-100 keV photon energy ranges, respectively. The details of the optical and mechanical designs, and preliminary experimental results employing a Mo anode x-ray source, are presented.
Optical design and theoretic calculations

Optical design
The optical design of the spectrometer adopts the curved crystal optics proposed by Cauchois [26] . As shown in Figure 1 , x-rays emitted from the x-ray source are diffracted by the curved crystal. After passing through a polychromatic crossover point on the central optical axis, the dispersed xrays are recorded by a planar detector perpendicular to the central optical axis of the crystal. The diffraction angle obeys the Bragg's law,
where d is the lattice constant of the crystal's diffraction planes, θ is the diffraction angle, n is the diffraction order, λ = hc/E represents the wavelength of the x-ray with photon energy E, h is the Plank constant, c is the light velocity in vacuum.
Thus, x-rays with lower energies have larger diffraction angles and are dispersed to further lateral distances from the central optical axis. The lateral distance can be calculated by
where y is the lateral distance on the detecting surface from the central optical axis of the dispersed x-ray, β is the angle between the dispersed x-ray and the crystal's optical axis which is defined as β = 2θ − sin
, s is the distance from the x-ray source to the crystal (detecting distance), R is the curvature radius of the cylindrically curved crystal, d 0 is the distance from detecting surface to the Rowland circle (working distance).
The relationship between the lateral distance of the dispersed spectral line and its photon energy [19] , referred to as the 'plate function', is not easy to obtain by directly solving Eq. (2) [27] . The plate function is usually obtained by fitting the measured spectrum with the form in [12] 
where a, b, c and y 0 are fitting coefficients.
A diffracted x-ray with the same photon energy will pass through a crossover point on the central optical axis. In order to improve the signal-to-noise ratio of the recording medium, a slit is usually placed here to absorb the x-rays that transmit straight through the crystal without diffraction. The position of the slit depends on the x-ray photon energy and the distance between the x-ray source and the crystal (the detecting distance), which can be calculated by
where f is the distance between the slit (crossover point) and the crystal. Figure 2 shows the relations of the position of the slit versus the detecting distance of the Mo Kα 1 line (17.48 keV), and the x-ray photon energy with the detecting distance fixed at 500 mm. The curved crystals' curvature radii are 150 and 300 mm. The data in the figure indicate that the position of the slit is sensitive to the detecting distance but not sensitive to the x-ray photon energy. Thus, the position of the slit should be adjusted when the detecting distance is changed.
To cover the low energy limit of 10 keV, we calculated the lateral distance of the footprint (Point C in Figure 1 ) of the 10 keV x-ray on the crystal, which are shown in Figure 3 . The lateral distance increases with the crystal's curvature radius and the detecting distance. The effective diffraction length of the α-quartz crystal we can obtain is about 55 mm. So we chose the curved crystal's curvature radius to be 150 mm in the Low Energy Curved Crystal Spectrometer (LCCS) to cover the low-energy range of 10-56 keV. However, curved crystal with smaller curvature radius of 150 mm has low spectral resolution at higherenergy ranges of >30 keV (see Figure 4) . To obtain high resolution in the high-energy range, we add another High Energy Curved Crystal Spectrometer (HCCS) with a crystal curvature radius of 300 mm to cover the energy range of 17-100 keV.
Design parameter details for these two spectrometers are shown in Table 1 . Thin α-quartz (10-11) slices with 70 mm length, 12 mm width, and 0.27 mm thickness were chosen to fabricate the curved crystal due to the material's high reflectivity, small Darwin width, flexibility, and long-term stability. The lattice constant of the (10-11) crystallographic plane is 3.343Å. The curvature radii of the curved crystals are 150 mm for LCCS and 300 mm for HCCS. Image plates (IPs, Fujifilm BAS-SR) are used to record the dispersed xrays at the detecting surface.
Sensitivity of the spectrometers
The reflectivity of the curved crystal, which is the intensity ratio of the diffracted x-rays to the incident x-rays, can be calculated using the Takagi-Taupin equations [28] . We used the XOP code [29] , which numerically solves the TakagiTaupin equations, to calculate the theoretical reflectivity of the curved crystal in our design. As shown in Figure 5 , the energy-dependent integrated reflectivity of the curved crystals decreases with the curvature radius. This is consistent with the lamellar model [30] which treats the curved crystal as a stack of very thin flat crystals (lamellar) slightly misaligned with each other. The decreased curvature radius will increase the misalignment between lamellae. Thus, the Darwin width of the reflectivity curve will broaden, resulting in increases in the integrated reflectivity, although the peak of the reflectivity curve will decrease a little. However, increasing the Darwin width also causes a decrease in spectrometer resolution (see Figure 4) .
Fujifilm™ BAS-SR IP record the dispersed x-rays at the position of the detecting surface. IP possess some advantages such as reasonably high spatial resolution and well-measured parameters including spectral sensitivity, image fade rate, and spatial resolution [31] [32] [33] . After exposure to x-rays, a Fuji BAS 5000 IP scanner reads out the dispersed image from the IP. The intensity of the image is expressed as a photo-stimulated luminescence (PSL) value, which is proportional to the absorbed energy in the IP's sensitive layer. The spectral sensitivity of IP describes the relationship of the PSL value and the x-ray photon energy, as shown in the insert of Figure 6 [32] . Combining the IP sensitivity data from Ref. [32] , and the integrated reflectivity of curved crystal calculated by the XOP code in Figure 5 , we estimated the theoretical spectral sensitivities of the two spectrometers, as shown in Figure 6 . The sensitivities are on the order of 10 −8 PSL/photon. Such low sensitivity is mainly caused by the low integral reflectivity of the curved crystal with narrow Darwin width and high-energy resolution. Ref. [34] had adopted an asymmetric curved crystal to optimize the spectral sensitivity.
Spectral resolution of the spectrometers
Spectral resolution (E/ E) is a crucial parameter for an xray spectrometer. Curved crystal spectrometers can achieve high spectral resolution due to the crystal's narrow Darwin width. The actual spectral resolution of curved crystal spectrometer is determined by many factors, including the Darwin width, asymmetric angle and thickness of the curved crystal, spatial resolution and working distance of the recording medium, and the position and size of the x-ray source. Seely et al. [35] described a geometrical model to calculate the spectral resolution for the case of symmetric curved crystals. They pointed out that, for small x-ray sources, the spectral resolution of the spectrometer is mainly determined by the spatial resolution of the recording medium for cases with small working distances (the distance between the recording medium and the Rowland circle, see Figure 1 ), but that the resolution was mainly determined by the lateral size of the x-ray source for large recording medium working distances.
To illustrate the intrinsic performance of the spectrometers, we calculated the spectral resolution of the spectrometers (see Figure 4 ) using Seely's approach [35] without considering the effect of the x-ray source size. The calculation parameters were: crystal thickness, T = 0.27 mm; IP spatial resolution, δd = 0.11 mm [32] ; recording medium (IP here) working distance, d 0 = 22 mm and two different detecting distances, s = 200 and 1500 mm. The spectral resolution, which is not sensitive to the detecting distance, decreases with the x-ray photon energy but increases with the curvature radius of the curved crystal. As the working distance is small here, the spectral resolution is mainly affected by the spatial resolution of the recording medium. Thus, the spectral resolution can possibly be improved by increasing the working distance, which will be verified in our experiments.
Mechanical design
Mechanical modules of the HCCS, shown in Figure 7 , include crystal, slit, shield, collimator, IP and lids (not shown). The LCCS spectrometer is similar to the HCCS but with different constructive parameters.
The curved crystal is the crucial module for the spectrometer. The α-quartz crystals that we used were symmetrically cut into thin slices with the (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) surface plane and the (10-11) edge plane. Since thinly sliced quartz is elastic at room temperature, it can be bent without additional heating. To bend the crystal cylindrically, a pair of concave-convex cylindrical aluminum substrates were precision machined. First, we aligned the edges of the crystal slice with the predrawn lines on the convex substrate. Then, the crystal slice was pressed to cylindrical shape by the concave substrate. Pressure on the concave substrate was delivered by an elastic plastic to avoid crushing the crystal. Finally, glue was used to fix the crystal slice on the convex substrate for long-term stability.
The slit positioned at the polychromatic crossover point on the central optic axis is essential to the spectrometer. Since the diffraction efficiency of the crystal is on the order of 10 −5 (see Figure 5 ), very weak x-rays that transmit through the crystal will contaminate the diffracted signal. A 1 mm width slit made in a dual layer of 3 mm thick tantalum and 3 mm lead was used to block straight-through transmitted xrays, combined with a shielding bar before the crystal made from 4 mm thick tantalum with a center collimating aperture. The transmission is less than 10 −11 for 120 keV photon energy x-rays. Because the position of the slit changes with the detecting distance (see Figure 2) , a movable slit with two guide rails was designed to make the spectrometer suitable over a broad detecting distance ranging from 200 to 1500 mm. An additional shielding box, made from 3 mm thick lead, was incorporated among the crystal, slit, and IP modules to block stray x-rays.
The IP is installed in a light-tight cassette to preserve the IP data from visible light. This module can be fixed at three different positions where the IP working distances are 7, 22, and 52 mm. A diode laser and two collimating aperturesone is on the shielding bar before the crystal, the other is placed before the IP -are used to align the spectrometer to the x-ray source.
Experimental result
The spectrometers were tested using a Mo anode x-ray source working at 35 kV peak voltage and 20 mA current. The detecting distance of the spectrometers is about 500 mm. Spectral images recorded by the LCCS and HCCS spectrometers are shown in Figure 8 . The black spots in the image centers are saturated signals from x-rays that transmit straight through the collimating apertures (there are no filters in the collimating apertures). Over-exposure and slight misalignment make the spots much bigger than the collimating apertures and asymmetric. High-quality and symmetric Mo spectral lines were observed on both sides of the images. The detailed spectra are shown in Figure 8 (Figure 8(d) ).
As mentioned previously, increasing the working distance of the recording medium will induce lateral movement and separation of the spectral lines, leading to enhanced spectral resolution. On the other hand, the line width in the offRowland-circle position increases, thus decreasing the spectral resolution. However, the spectral lines separate faster than the line width increases [35, 36] , thus the spectral resolution can possibly be improved by increasing the working distance. We confirmed this idea experimentally, as shown in Figure 9 . The spectral images in Figure 9 correspond to IP working distances in the LCCS spectrometer of 7, 22, and 52 mm. From left to right in Figure 9 resolution (E/ E), because it is of moderate intensity and clearly separated from other spectral lines. The energy spread E can be obtained from the full width at half maximum (FWHM) of the Gaussian fitting curve of the Mo Kβ 1 line. The spectral resolutions E/ E are 138 ± 4, 140 ± 4, and 183 ± 8 for the 7, 22, and 52 mm working distances, respectively. The uncertainties are estimated from the Gaussian fits. The experimental results shown in Figure 10 agree well with the theoretical results using Seely's approach [35] . The parameters used in the calculation were: crystal thickness, T = 0.27 mm; IP spatial resolution, δd = 0.11 mm; detecting distance, s = 500 mm and lateral size of the x-ray source, ls = 1 mm. The theoretical curve shows that the spectral resolution increases with the working distance. However, the increase of working distance will cause a loss of energy coverage.
Another test experiment was conducted at the XingGuang-III ps/PW laser facility in the Research Center of Laser Fusion in China. The laser energy delivered on the Silver nanowire array structure target [37] was 24.8 J with the pulse duration of 592 fs, corresponding to a peak power of 42 TW. The HCCS was placed in the target chamber with a detecting distance of 290 mm and an angle of approximately 20 • from the normal of target back surface. Typical x-ray spectrum was shown in Figure 11 , which provides the Ag Kα and Kβ spectral lines clearly. However, the poor signal-to-noise ratio indicated that additional lead shielding was needed to block stray high-energy (MeV) x-rays in the short laser-solid interaction experiment. 
Conclusion
We designed two transmission curved crystal spectrometers to diagnose the hard x-ray emission in the 10-100 keV spectral range in the laser fusion experiment of Compton radiography of implosion targets at the ShenGuang-III laser facility in China. These spectrometers employ two cylindrically curved α-quartz (10-11) crystals with curvature radii of 150 mm to cover the 10-56 keV photon range, and 300 mm to cover the 17-100 keV photon range. The optical design, including the sensitivity, the spectral resolution, and the mechanical design of the spectrometers, was presented. We obtained high-quality spectra of a Mo anode x-ray source. Theoretical and experimental results show that the spectral resolution can be enhanced by increasing the distance between the Rowland circle and the recording medium. In the future, we plan to add additional shielding and absolutely calibrate the spectrometers for quantitative measurement of hard x-ray spectra.
